Introduction {#s1}
============

An estrous or menstrual cycle is crucial for procreation. However, cycles typically vary among species, with animals adopting the cycle most suited to a given environment or reproductive strategy. Laboratory animals are no exception; for example, small animals like rodents tend to have a short life span, tend to be relatively low on the food chain, and tend to have only a limited time to raise offspring. Therefore, these animals reach sex maturation early after birth, at approximately 5 weeks of age^[@r1],[@r2],[@r3]^, and have a short estrous cycle with no luteal phase, unless they become pregnant. Litters also tend to be relatively large, with approximately 10 to 14 offspring per litter^[@r4]^. In contrast, relatively large and long-lived animals, such as monkeys, take longer to sexually mature (approximately 2 to 3 years)^[@r3]^, have a long estrous cycle, and produce few offspring per pregnancy.

Dogs are sexually mature by 6 to 8 month age^[@r3]^ and can produce relatively large litters of 4 to 15. The estrous cycle of dogs is therefore monestral and nonseasonal^[@r1],[@r2]^. Reproduction patterns clearly vary throughout the animal kingdom.

Accurate analysis of female reproductive toxicity requires a thorough understanding the differences in and specifics of estrous or menstrual cycles between laboratory animals. Here, we describe the morphological features of the estrous cycle in rodents and beagle dogs and menstrual cycles in cynomolgus monkeys.

Species Differences of the Estrous or Menstrual Cycle {#s2}
=====================================================

Rats
----

The estrous cycle of rats is shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Morphologic features of the ovary, uterus, and vagina, and pituitary and ovarian hormonal levels in each estrous phase in rats: D=diestrus, P=proestrus, E=estrus, M=metestrus.. The rodent estrous cycle repeats with a constant period of 4 to 5 days and includes the following phases: proestrus, estrus, metestrus, and diestrus^[@r1],[@r2],[@r5],[@r6],[@r7]^. Both ovaries exhibit the same morphological changes throughout the cycle and ovulate---bilaterally---at the same time. Since the ovulation number is relatively large in rodents (approximately 12 to 14 overall), a large number of follicles and corpora lutea can be observed in the ovaries.

In proestrus, follicles develop rapidly until ovulation at the end of proestrus. At this stage, two to four large follicles can be observed in a unilateral ovarian section. When estrus starts at ovulation, follicles are transformed into corpora lutea, the luteal cells of which are more basophilic and smaller than in later phases of the cycle. These corpora lutea begin to regress at metestrus and continue their regression into diestrus. This pattern of development and regression then repeats in the next cycle of estrous. Given that regressive corpora lutea may persist for some 12 to 14 days, ovaries of rodents tend to contain a large number of corpora lutea^[@r7],[@r8]^.

Dogs
----

The estrous cycle of beagles is shown in [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Morphologic features of the ovary, uterus, and vagina and pituitary and ovarian hormonal levels in each estrus phase in a beagle dog.. The dog estrous cycle is much longer than that of other laboratory animals and divided into four phases: proestrus (follicular phase), estrus and diestrus (luteal phase), and anestrus. Proestrus lasts for 5 to 10 days, estrus lasts for 5 to 15 days, and diestrus lasts for 50 to 80 days (metestrus). The long nonseasonal period between cycles is called anestrus and lasts for 80 to 240 days^[@r2]^. As in rodents, both ovaries exhibit the same morphological changes throughout the cycle and ovulate bilaterally at the same time. The ovulation number tends to range from 4 to 15.

In proestrus, two to four large follicles can be observed in a sagittal section of the unilateral ovary. The follicle wall begins to fold into the follicular antrum gradually in later phases of proestrus. In estrus, granulosa cells are transformed into luteal cells, and infolding of the follicle walls progresses. Luteinized follicles then rupture, and oocytes are excreted outside in the latter part of estrus. In early diestrus, the bilateral ovaries contain large corpora lutea. As the corpora lutea begin to regress in the latter phase of diestrus, the cytoplasm in luteal cells contains a number of vacuoles^[@r9],[@r10]^. In anestrus, corpora lutea gradually regress, shrinking in size and becoming vacuolar in the latter part of the anestrus phase^[@r9],[@r11],[@r12]^. Estrus hemorrhage occurs from proestrus to estrus due to endometrial edema and congestion.

Monkeys
-------

The menstrual cycle of cynomolgus monkeys is shown in [Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Morphologic features of the bilateral ovaries, uterus, and vagina, and pituitary and ovarian hormonal levels in each menstrual phase in a cynomolgus monkey.. Sexual maturation is reached at the first menstrual bleeding, around 2 to 2.5 years old^[@r3]^, and regular menstrual cycles start around 3 years old^[@r13],[@r14]^. Ovulation in monkey ovaries is unilateral, alternating between the left and right ovary each cycle. While one ovary contains selectable follicles or active corpora lutea, the other contains atretic follicles and regressing corpora lutea. Generally, ovulation occurs not alternately but continuously in only one of the bilateral ovaries.

The duration of the menstrual cycle is roughly 30 days^[@r2],[@r13],[@r15]^, with a rough interval between menses ranging from 14 to 66 days in our laboratory background data. However, this basic cycle can be easily influenced by stressful conditions. The follicle phase continues for approximately 14 days, and the luteal phase continues for another roughly 14 days after ovulation^[@r2],[@r13],[@r15]^. If pregnancy is not established, the corpora lutea begin to regress at 14 days after ovulation. Luteal cells contain small vacuoles, and pyknotic nuclei are observed in the regressing corpora lutea^[@r14],[@r17],[@r18]^. Without pregnancy, the endometrium is no longer needed and begins to necrose, resulting in menstrual bleeding^[@r14],[@r16],[@r17],[@r19]^.

Morphology During the Estrous or Menstrual Cycle {#s3}
================================================

Follicle development in rats, dogs, and monkeys
-----------------------------------------------

Follicles develop in the following order: primordial, primary, secondary, small antral, and large antral stage (Graafian follicle)^[@r8],[@r9],[@r17],[@r18]^. All follicles in each stage are capable of regressing, except for the selectable follicle (dominant follicle)^[@r20],[@r21]^. The sizes of primordial to small antral follicles are roughly equivalent in rats, dogs, and monkeys, but large antral and preovulatory follicles subsequently grow to match the individual ovary size of each species ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Follicle development shown by the diameter of each class of follicles in rats, beagles, and monkeys: primordial=primordial follicle, primary small=small primary follicle, primary large=large primary follicle, secondary=secondary follicle, preantral=preantral follicle, antral small=small antral follicle, antral large=large antral follicle, preovulatory=preovulatory follicle (selectable follicle), mature corpus luteum=mature (functional) corpus luteum.). While basal follicular growth until the secondary follicle does not depend largely on gonadotropins, follicular growth from the antral follicle does depend on gonadotropins, such as follicle-stimulating hormone (FSH)^[@r21]^. Follicle growth rates in dogs and monkeys are 6- to 7-fold that in rats.

Luteinization in rats, dogs, and monkeys
----------------------------------------

Diagrams depicting the luteinization process for each species are shown in [Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Schematic description of variations in luteinization between rats, beagles, and monkeys. In the dog, folding of theca cells and the granulosa cell layer starts during pre-ovulation. In dogs and rodents, theca cells invade into the early luteum, with vessels and interstitial cells mixed together with granulosa cells. In monkeys, the theca layer slightly invaginates into the granulosa layer, but the components never mix.. Luteinization is the remodeling process that occurs following ovulation, in which cells transform rather dramatically from both a morphological and biochemical standpoint. Granulosa and theca cells, two follicle cell types, contribute to luteal formation. The selectable follicle is composed of granulosa cells surrounded by a layer of theca cells. Ovulatory stimulation induces these granulosa and theca cells to transform into luteal cells. While luteal cells were previously believed to be incapable of mitosis, recent studies have suggested that both proliferating and mature luteal cells mingle in early-stage corpora lutea^[@r22]^. Proliferating activity of early luteal cells begins to fade as the corpora lutea mature^[@r22]^. Luteinization additionally involves the invasion of extrafollicular elements, including theca cells, blood vessels, and reticuloendothelial components. Vascular invasion helps distinguish early corpora lutea from follicles. Processes occurring during luteinization vary by species^[@r22]^. For example, though Graafian follicles with abundant liquor folliculi in most animals start luteal formation by rupturing and folding the granulosa layer and expulsion of the liquor folliculi, luteal formation in dogs differs. In dogs, the theca and granulosa cell layer gradually begins to fold during pre-ovulation, before the surge in levels of luteinizing hormone (LH), and the early corpora lutea collapse and granulosa and theca cells transform into luteal cells after the LH surge^[@r10],[@r22]^. At this stage, in both rodents and dogs, the theca cells then invade the early luteum, with vessels and interstitial cells mixing together with granulosa cells. In monkeys, however, the theca layer only slightly invaginates into the granulosa layer, but the components never mix as in rodents and dogs; instead, only vessels and interstitial cells invade the granulosa-luteum^[@r22]^.

Hormonal Changes in the Estrous or Menstrual Cycle {#s4}
==================================================

Rats
----

Changes in levels of hormones during the estrous cycle in rats are shown in [Fig. 1](#fig_001){ref-type="fig"}. These data were collected from 10 Sprague Dawley rats in our laboratory. Estrogen levels were elevated throughout proestrus. LH and prolactin (PRL) surges are observed in the late afternoon on the day of proestrus, followed by a short luteal phase of estrus^[@r2]^. The preovulatory peak in PRL levels can lead to luteolysis after metestrus^[@r2],[@r23]^. FSH levels increase relative to the time of the LH peak and then increase again after ovulation during the morning on the day of estrus. Inhibin levels are reduced around the time of follicular ovulation. During development and ovulation of follicles, estrogen levels inform follicle maturation to the pituitary gland, while inhibin levels inform the number of developing follicles to the pituitary gland^[@r5]^. Progesterone levels are transiently elevated at the time of transformation of newly formed corpora lutea but rapidly reduced when corpora lutea begin to regress.

Dogs
----

Changes in levels of hormones during the estrous cycle in a beagle are shown in [Fig. 2](#fig_002){ref-type="fig"}. Serum gonadotropin data were obtained over a period of 33 days before and after estrus hemorrhage in a single beagle dog in our laboratory. Hormonal levels in the month containing the estrus phase are graphed in [Fig. 2](#fig_002){ref-type="fig"}. Early follicular development requires FSH stimulation, after which the developed follicles begin to secrete estradiol and FSH levels are then reduced via negative feedback from estradiol. A surge in LH levels was observed the day after the peak of estradiol levels, and then FSH levels rapidly increased again. Progesterone levels gradually increase in the estrus phase during luteinization of granulosa cells. Previous reports have suggested that the decrease in the estrogen-to-progesterone ratio triggers the preovulatory surge release of LH^[@r10],[@r24]^.

Monkeys
-------

Changes in levels of hormones during the menstrual cycle in a cynomolgus monkey are shown in [Fig. 3](#fig_003){ref-type="fig"}. Serum hormone data were obtained over a period of 33 days from the start of the menstrual phase in a single cynomolgus monkey in our laboratory. The early follicular phase is roughly equivalent to the menstrual phase. The corpora lutea start to regress at the end of the luteal phase, with progesterone and estradiol levels low in the early follicular phase and FSH levels gradually increasing to induce development of the early follicles. After that, developed Graafian follicles begin to secrete estradiol in the latter half of the follicular phase, which reduces FSH levels due to negative feedback. Under these conditions of low FSH levels, less-developed follicles undergo atresia, and the largest grown follicle becomes the selectable (dominant) follicle, which produces estradiol. Once estradiol levels exceed a certain threshold, positive feedback leads to LH and FSH release. This surge in LH and FSH secretion induces ovulation, and progesterone levels increase rapidly as the granulosa cells start to luteinize and release progesterone. These longitudinal hormonal changes closely resemble those observed in humans^[@r19],[@r20],[@r25]^.

Conclusion {#s5}
==========

Appropriate selection of animal species for use in ovarian toxicology studies is important. Given the relatively short rodent estrous cycle of 4 to 5 days, the cycle occurs approximately 7 times during a 4-week toxicology study. Additionally, ovarian morphological changes are easy to observe, as ovarian cycling features are the same in both ovaries, which both contain a large number of follicles and corpora lutea. In contrast, the estrous cycle in dogs includes a long anestrus phase. Given the relatively short period of toxicology studies, dogs are inappropriate for use in such studies. Monkey ovarian toxicity is important to assess, as the morphological and hormonal changes in the reproductive system and menstrual cycle phases closely resemble those of humans. However, most toxicology studies involving monkeys only use 3 or 4 animals per dosing group, and menstrual cycles may come as infrequently as once or not at all during a 4-week toxicology study. We therefore recommend that researchers take the following steps in toxicology studies using monkeys: 1, select animals that have regular menstrual cycles; 2, conduct comparatively long-term studies; 3, time the start of test article administration to a certain phase in the menstrual cycle; 4, measure sex hormone levels; and 5, examine the largest histological section area possible containing corpora lutea or large follicles.
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